Aims/hypothesis. The incretin hormone glucagon-like peptide-1 augments islet cell mass in vivo by increasing proliferation and decreasing apoptosis of the beta cells. However, the signalling pathways that mediate these effects are mostly unknown. Using a clonal rat pancreatic beta cell line (INS-1), we examined the role of protein kinase B in mediating beta-cell growth and survival stimulated by glucagon-like peptide-1. Methods. Immunoblot analysis was used to detect active (phospho-) and total protein kinase B. Proliferation was assessed using 3 H-thymidine incorporation, while apoptosis was quantitated using 4′-6-diamidino-2-phenylindole staining and APO percentage apoptosis assay. Kinase-dead and wild-type protein kinase B was introduced into cells using adenoviral vectors. Results. Glucagon-like peptide-1 rapidly activated protein kinase B in INS-1 cells (by 2.7±0.7-fold, p<0.05). This effect was completely abrogated by inhibition, with wortmannin, of the upstream activator of protein kinase B, phosphatidylinositol-3-kinase. Glucagon-like peptide-1 also stimulated INS-1 cell proliferation in a dose-dependent manner (by 1.8±0.5-fold at 10 −7 mol/l, p<0.01), and inhibited staurosporine-induced apoptosis (by 69±12%, p<0.05). Both of these effects were also prevented by wortmannin treatment. Ablation of protein kinase B by adenovirus-mediated overexpression of the kinase-dead form of protein kinase Bα prevented protein kinase B phosphorylation and completely abrogated both cellular proliferation (p<0.05) and protection from drug-induced cellular death (p<0.01) induced by glucagon-like peptide-1. Conclusions/interpretation. These results identify protein kinase B as an essential mediator linking the glucagon-like peptide-1 signal to the intracellular machinery that modulates beta-cell growth and survival. [Diabetologia (2004) 47:478-487] 
The incretin hormone glucagon-like peptide (GLP)-1 is a 30-amino acid peptide secreted from the intestinal L cell in response to food ingestion [1, 2] . It possesses a variety of anti-diabetic actions that are mediated at the level of the beta cell, as well as in peripheral tissues. These include not only the stimulation of glucose-dependent insulin secretion [3, 4, 5] , but also the inhibition of glucagon release [6, 7] , gastric emptying [7, 8] and food intake [9, 10] , and possibly also enhancement of insulin sensitivity [11, 12] . Consistent with these biological actions, long-term treatment of Type 2 diabetic patients with GLP-1 decreases HbA 1c values and is associated with lower fasting and postprandial glucose concentrations and reduced body weight [13] . Consequently, this intestinal hormone has been widely proposed as a new therapeutic agent for the treatment of diabetes mellitus [1, 2] .
Recent studies have shown that the anti-diabetic actions of GLP-1 also include the enhancement of beta cell mass. When given for a prolonged period to normal rodents or animals with impaired glucose tolerance or mild diabetes, GLP-1 or its long-acting analog, exendin-4 [14, 15] , increases beta-cell mass [16, 17, 18, 19] . Moreover, we have shown that daily injection of exendin-4 prevents the onset of diabetes in obese db/db mice with insulin resistance, through a mechanism involving increased insulin release in association with islet neogenesis, as well as enhanced proliferation and decreased apoptosis of the beta cells [20] . Interestingly, GLP-1 treatment concomitantly increased expression of pancreatic protein kinase B (PKB)α (also known as Akt1) in these mice, suggesting that this kinase plays a role in mediating the trophic effects of GLP-1 in the beta cell.
PKB is a serine-threonine kinase that is activated by phosphatidylinositol-3-kinase (PI3-K) in response to insulin, as well as to various growth factors [21, 22, 23] . The three different isoforms of PKB (α, β and γ) are widely expressed in mammalian cells, including the pancreatic beta cells, which contain high levels of PKBα [24, 25] . Although it is well established that PKB mediates some of the metabolic actions of insulin in peripheral tissues [22, 26] , activation of PKB also results in the phosphorylation of various downstream protein targets that affect proliferation, cell cycle entry and intracellular apoptotic pathways [21, 22, 23] . These pleiotropic actions of PKB result in increased cell numbers as well as enhanced cell survival. Consistent with these findings, overexpression of PKBα in the murine beta cell enhances insulin secretion and reduces glucose concentrations, in association with increased beta-cell mass [27, 28] . PKBα also plays an important role in IGF-1-induced betacell proliferation [29] , as well as in IGF-1 and glucose-mediated protection of beta cells from apoptosis [30] .
In keeping with PKB's role in beta-cell growth, recent studies have shown an involvement of PI3-K, an upstream activator of PKB, in GLP-1-stimulated betacell proliferation [31, 32, 33] . These findings are consistent with the fact that PKB phosphorylation is stimulated by GLP-1 in the beta cell [34] . However, it is not clear whether the actions of PKB are essential for GLP-1-stimulated beta-cell proliferation [33] . Similarly, while GLP-1 increases total PKBα levels and reduces apoptosis in rodent beta cells in vivo, as well as in heterologous cells expressing the GLP-1 receptor [19, 20] , it is not certain that PKB plays an obligatory role in GLP-1-mediated protection of beta cells from apoptosis.
We therefore sought to establish whether the growth and/or survival effects of GLP-1 on the beta cell are dependent on PKB. To do this, we investigated the effects of GLP-1 on proliferation and apoptosis in the presence and absence of PKB, using the pancreatic INS-1 cell line as a model for the beta cell.
Materials and methods
Cell culture. INS-1 cells were a kind gift from Dr M. Wheeler (Department of Physiology, University of Toronto, Toronto, Ont, Canada). Cells (passage 50-65) were grown in monolayer culture, as described [35] . The medium was RPMI 1640 (Gibco Invitrogen, Burlington, Ont, Canada), containing 10 mmol/l HEPES, 10% fetal bovine serum, 100 U/ml penicillin G, 100 µg/ml streptomycin, 1 mmol/l sodium pyruvate, 50 µmol/l 2-mercaptoethanol, and 100 µl/l 10 mol/l NaOH, and cells were maintained at 37°C in a humidified incubator gassed with 5% CO 2 . In studies involving serum-starvation, serum was replaced by 0.1% BSA in RPMI 1640 without glucose.
Immunoblotting. Cells were grown in 10-cm plates to 80 to 85% confluence and then treated for various time periods with different doses of GLP-1 or exendin-4 (Bachem California, Torrance, Calif., USA). Some cells were also pre-incubated with wortmannin (100 nmol/l; Sigma Chemical, St. Louis, Mo., USA) for 15 min before the treatment. Cells were then lysed in buffer containing 1% Triton X-100 and a mixture of protease and phosphatase inhibitors, as described [20] . The protein content was measured by Bradford assay (Bio-Rad Laboratories, Hercules, Calif., USA) and equal amounts of protein (50 µg) were separated by 7 to 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and electrotransferred on to polyvinylidene difluoride filters (Bio-Rad). After probing with rabbit primary antibodies that recognise all three isoforms of phospho-Ser 473 -PKB and total PKB (each at 1:1000; New England BioLabs, Mississauga, Ont, Canada), the immunoreactive bands were visualised with horseradish peroxidase-conjugated sheep anti-rabbit IgG (Cedarlane Laboratories, Hornby, Ont, Canada) using an electrochemiluminescent detection technique (Amersham Pharamacia Biotech, Baie d'Urfe, Que, Canada), as described previously [20] .
Cell proliferation assay. INS-1 cells were grown to 80-85% confluence in 12-well plates, serum-starved for 24 h and then treated overnight with or without GLP-1 at various concentrations in the presence of 3 mmol/l glucose. Some cells were also pre-incubated with wortmannin (100 nmol/l) or genistein (25 µmol/l, Calbiochem, San Diego, Calif., USA) for 20 h prior before the treatment. DNA synthesis was measured by incubating cells with 37 kBq/ml 3 H-methylthymidine (specific activity: 3000 GBq/mmol; Amersham Pharmacia Biotech) for 4 h. Cells were then washed twice in ice-cold PBS and incubated for 30 min in 1 ml of 5% trichloroacetic acid on ice to precipitate the DNA. The liquid layer was removed by aspiration and 250 µl of 0.1 mol/l sodium hydroxide was added to the cells for 30 min at room temperature. During this time the container was gently shaken. The solubilised material was then transferred to 5 ml of scintillant, and radioactive counts were determined by liquid scintillation counting.
Apoptosis assay. Apoptosis of INS-1 cells was evaluated by 4′-6-diamidino-2-phenylindole (DAPI) nuclear staining [36] , and using the quantitative colorimetric APO Percentage Apoptosis assay kit (Biocolor, Newtownabbey, Northern Ireland). For the DAPI analysis, cells were seeded on to coverslips in a 12-well plate and allowed to reach 80 to 85% confluence. Cells were then incubated overnight with serum-free media with or without GLP-1 (10 nmol/l). After incubation with staurosporine (250 nmol/l, Sigma) for 2 h, the cells were fixed using formaldehyde (3.7% in PBS) and the nuclei were stained with DAPI (1 µg/ml in PBS). At least 100 cells were evaluated per treatment (n=3), and apoptotic cells were identified by the typical morphologic criteria of chromatin condensation and fragmentation [36] Images were obtained using an Olympus fluorescent microscope (courtesy of Dr D. Belsham, Department of Physiology, University of Toronto, Toronto, Ont, Canada). For the APO Percentage Apoptosis Assay, INS-1 cells were seeded on a gelatin-coated 96-well plate, grown to 80-85% confluence, serum-starved for 24 h, and treated overnight in 3 mmol/l glucose with or without GLP-1 at various concentrations. Some cells were also pre-incubated with wortmannin (100 nmol/l) for 15 min or genistein (25 µmol/l) for 20 h before the treatment. Cells were then incubated with staurosporine (250 nmol/l) for 1 h, with or without wortmannin (100 nmol/l), after which the apoptotic dye was added and the relative changes in colour compared with control cells were measured spectrophotometrically, according to the manufacturer's protocol.
Insulin RIA. Insulin concentrations were measured using an insulin RIA kit (Linco Research, St. Louis, Mo., USA). Cells were grown to 90% confluence in 12-well plates, and after washing with fresh medium, were pre-treated with glucosefree medium alone (control) or with 100 nmol/l wortmannin for 30 min, and then treated for 2 h with medium containing 0 to 5 mmol/l glucose, 10 nmol/l GLP-1 and/or 100 nmol/l wortmannin. The medium was then transferred to Eppendorf tubes, spun at 2000 g and 4°C for 1 min, and the supernatant was collected and placed on ice. Samples were diluted into the assay buffer and assayed for insulin according to the manufacturer's instructions. Preliminary studies showed that the enhancement of glucose-dependent insulin secretion by GLP-1 in the INS-1 cells was maximal at 5 mmol/l glucose.
RT-PCR.
Total cellular RNA was extracted from confluent 10-cm plates of INS-1 cells using an RNeasy kit in combination with an 'On-column Dnase Digestion' kit (Qiagen, Mississauga, Ont, Canada). PKBα mRNA transcripts were amplified using the Qiagen OneStep RT-PCR kit with primers [forward: tcaggctcggagattaggta and reverse: gcccaatcggtggtagaact (Invitrogen Life Technologies, Carlsbad, Calif., USA)] designed to generate a 1096 bp fragment [24] . Water was used to replace the template for the negative control. PCR conditions were 94°C for 9 min, followed by 94°C for 45 s, 62°C for 45 s and 72°C for 1 min for 40 cycles. Products were separated on an agarose gel and visualised with ethidium bromide.
Adenoviral vectors and infection.
Adenovirus (AdV)-expressing enhanced-green fluorescent protein (GFP) (AdV-GFP, control), wild-type (WT) PKBα (AdV-WT) or kinase-dead (KD) PKBα (AdV-KD; K 179 M) have been described [29, 30] . Equivalent amounts of purified virus (0.5-2×10 7 plaque-forming units/ml) were added to 80% confluent INS-1 cells for 2 to 4 h, and cells were then washed and incubated for 16 h in fresh medium. For proliferation assay, cells were seeded in 24-well plates. For apoptosis assay cells were seeded in 6-well plates and then split again in 96-well plates after 16 h of incubation. Assays were then done as described above.
Statistical analysis. All data are presented as means ± SEM. Statistical analysis was done by a Student's t test or ANOVA using n-1 custom hypotheses tests as appropriate. Significance was assumed at a p value of less than 0.05. Fig. 1a , GLP-1 (10 nmol/l) stimulated PKB phosphorylation by 2.7±0.7-fold (p<0.05) within 5 min of adding the peptide to the INS-1 cells. The phosphorylation was sustained for 3 to 4 h, but returned to basal levels by hour 5 of incubation. Similar results were obtained with concentrations of GLP-1 as low as 1 nmol/l. In INS-1 cells pre-treated with wortmannin (100 nmol/l), a specific pharmacological inhibitor of PI3-K, wortmannin had no noticeable effect on basal PKB activity (Fig. 1b) . However, addition of the inhibitor completely abrogated GLP-1-induced PKB phosphorylation, indicating that activation of PKB by GLP-1 occurs in a PI3-K-dependent fashion.
Results

GLP-1 stimulates PI3-K-dependent PKB phosphorylation in INS-1 cells. As shown in
GLP-1 stimulates proliferation of INS-1 cells via a
pathway dependent on PI3-K. DNA synthesis using 3 H-methylthymidine showed (Fig. 2a) that GLP-1 treatment at doses between 1 and 100 nmol/l stimulated INS-1 cell proliferation in a dose-dependent manner, reaching a maximum of 1.8±0.5-fold (p<0.001) of controls at 100 nmol/l GLP-1. Furthermore, the longacting GLP-1 analog, exendin-4, stimulated proliferation at all concentrations from 10 pmol/l to 100 nmol/l (p<0.05 to 0.001; Fig. 2b ), probably due to decreased degradation. In contrast, although wortmannin (100 nmol/l) alone did not affect cell proliferation, incubation of INS-1 cells with GLP-1 or exendin-4 in the presence of wortmannin prevented stimulation of cell proliferation, with levels being maintained at basal throughout the incubation period. These findings therefore implicate the PI3-K-PKB pathway in mediating the effects of GLP-1 on INS-1 beta cell proliferation.
GLP-1 inhibits staurosporine-induced apoptosis via a pathway dependent on PI3-K.
Treatment of the INS-1 cells with staurosporine for 2 h increased the number of apoptotic cells from 6.1±1.8% to 42.6±5.2% of total cells (p<0.05, Fig. 3a-a,b) . This effect was reduced by GLP-1 pre-treatment to 13.2±2.2% (p<0.05; Fig.  3a-d) . GLP-1 alone did not alter basal levels of apoptosis (Fig. 3a-c) . Consistent with data from the DAPIstaining assay, the quantitative APO Percentage assay, which measures the earliest stages of apoptosis, also showed induction of apoptosis in response to 1 h of treatment with staurosporine (p<0.01, Fig. 3b ), as well as complete abrogation of this effect by GLP-1 (p<0.001). Furthermore, inhibition of PI3-K with wortmannin abrogated the prevention of apoptosis by GLP-1 (p<0.001). These results show that, like GLP-1-induced proliferation, the inhibition of staurosporine-induced apoptosis by GLP-1 is PI3-K dependent.
The effects of GLP-1 on PKB and proliferation are independent of insulin. To determine whether the effects of GLP-1 on PKB phosphorylation, proliferation and apoptosis in the INS-1 cells might be due to autocrine actions of the secreted insulin, we first established that the absolute levels of insulin secreted by the INS-1 cells in response to glucose (5 mmol/l) plus GLP-1 (100 nmol/l) was 16.3±2.9 pmol/l over a period of 2 h. We then examined whether treatment of the cells with a 30-fold excess of insulin (0.5 nmol/l) affected PKB phosphorylation in the INS-1 cells. However, insulin at this concentration did not induce PKB phosphorylation (Fig. 1b) . Furthermore, co-incubation of the cells with GLP-1 (100 nmol/l) plus insulin (0.5 nmol/l) did not increase PKB phosphorylation any more than treatment with GLP-1 alone. As expected, insulin at a supraphysiological concentration (100 nmol/l) significantly stimulated PKB phosphorylation in a PI3-K-dependent fashion (p<0.01). These results suggested that GLP-1-induced PKB phosphorylation in INS-1 cells occurs through direct effects of GLP-1 signalling, rather than through any autocrine actions of the concomitantly secreted insulin.
To further test this hypothesis, cells were incubated with 100 nmol/l insulin, alone or with 25 µmol/l genistein, a tyrosine kinase inhibitor, followed by western blot for changes in PKB activation (Fig. 4a) . Insulin treatment increased PKB phosphorylation 2.8-fold compared with control cells, an effect abrogated by pre-incubation of the cells with genistein (1.3-fold change). In contrast to these inhibitory effects of genistein on insulin action, GLP-1-stimulated INS-1 cell proliferation was not affected by pre-treatment of the cells with genistein (Fig. 4b) . Unexpectedly, when the same approach was used to investigate the possible role of tyrosine kinases in GLP-1-mediated protection from apoptosis, genistein alone prevented staurosporine-induced apoptosis, and this effect was not additive with the protective effects of GLP-1 (Fig. 4c) . We were therefore unable to determine whether tyrosine kinases play a role in the effects of GLP-1 on apoptosis. Yet taken together, our findings certainly suggest that insulin signalling does not play a major role in mediating GLP-1-induced activation of PKB and GLP-1-induced stimulation of cell growth in the INS-1 beta cell line.
Quantitation of GLP-1-induced insulin secretion in the absence and presence of wortmannin (Fig. 4d) showed that glucose alone (5 mmol/l) stimulated insulin secretion by the cells (by 2.0±0.2-fold, p<0.001), and this was further increased (to 3.4±0.8-fold of control) by adding 100 nmol/l GLP-1 (p<0.001 vs control, p<0.01 vs glucose alone). However, inactivation of PI3-K with wortmannin did not alter these responses. These results suggest that GLP-1-stimulated insulin secretion does not require PI3-K in this cell line. As wortmannin treatment prevented the effects of GLP-1 on INS-1 cell proliferation and apoptosis, but not on insulin secretion, these studies provide further evidence for a lack of involvement of insulin in this pathway.
GLP-1 stimulation of proliferation and inhibition of apoptosis is blocked by ablation of PKB activity.
In two separate preparations of total cellular RNA, RT-PCR amplified a band corresponding to the expected size for PKBα (Fig. 5a ). To functionally ablate PKB, INS-1 cells were infected with AdV-expressing kinase-dead PKBα (AdV-KD). Cells that were infected with GFP (AdV-GFP) and WT PKBα (AdV-WT) were used as controls. Western blot analysis for total PKB showed that expression of PKB in cells infected with AdV-KD and AdV-WTwas 18-fold higher than in AdV-GFP-infected cells (Fig. 5b) . Furthermore, PKB activity, as indicated by PKB-phosphorylation, was markedly lower in cells infected with AdV-KD than in AdV-GFP and AdV-WT cells. The AdV-constructs were therefore infected into INS-1 cells followed by analysis of proliferation and apoptosis (Fig. 5c,d ). GLP-1 treatment was found to stimulate proliferation (p<0.001) and inhibit staurosporine-induced apoptosis (p<0.05) in cells infected with AdV-GFP, similar to the findings in non-infected cells (Figs. 2, 3, 4 ). In keeping with PKB's role as a growth and survival factor in beta cells, INS-1 cells infected with AdV-WT had greater basal proliferation (p<0.001) and a complete abrogation of basal staurosporine-induced apoptosis (NS vs controls). The stimulation of proliferation and the inhibition of apoptosis induced by AdV-WT infection were not further modulated by GLP-1, probably due to the extremely high levels of phosphorylated PKB already present in these cells (Fig. 5b) . In contrast, infection of the cells with the AdV-KD construct prevented GLP-1-stimulated INS-1 cell proliferation (p<0.05 vs AdV-GFP-and AdV-WT-infected cells treated with GLP-1). However, this did not reach control levels, possibly because the construct alone induced a small enhancement of basal proliferation. Furthermore, infection with AdV-KD did not further increase staurosporine-induced apoptosis (p=NS vs AdV-GFP cells treated with staurosporine), but did completely abrogate the ability of GLP-1 to protect the cells from apoptosis (p<0.01 vs AdV-GFP-and AdV-WT-infected cells treated with GLP-1). 
Discussion
Although originally described as a potent stimulator of glucose-dependent insulin secretion, recent studies [1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13] have shown that the intestinal hormone GLP-1 also prevents the onset of diabetes and ameliorates existing diabetes through a mechanism that includes enhancement of beta-cell mass [16, 17, 18, 19, 20] . Despite limited evidence that GLP-1 can activate PKB [34] , and that PKBα overexpression enhances beta-cell mass in vivo [27, 28] , no studies have shown whether PKB is essential for GLP-1-induced beta-cell proliferation and/or prevention of apoptosis. In this study, we have shown that the trophic and the survival effects of GLP-1 on INS-1 cells are mediated through PI3-K-PKB, and that these biological actions of GLP-1 are abrogated by functional ablation of PKB using a kinase-dead PKBα construct.
The role of PKBα in the regulation of beta-cell growth has been well established [27, 28] , and PKBα is expressed in the normal beta cell [24, 25] . However, INS-1 cells have been reported to express PKBα and PKBβ, but not PKBγ [37] . Nonetheless, it is unclear whether PKBβ plays a role in the modulation of betacell proliferation and/or apoptosis. Indeed, studies on PKBβ null mice have yielded conflicting results with respect to their islet cell response to the development of insulin resistance, with 129SV/C57BL/6 mice showing impaired ability to increase islet mass in response to insulin resistance, and male DBA/1lacJ mice developing overt diabetes with complete loss of beta cells [38, 39] . Taken with the results of the present study, the available data suggest that PKBα is more important in the regulation of beta-cell mass than PKBβ.
Previous studies have also shown that mitogen-activated protein kinase (MAPK) and protein kinase C-ζ INS-1 cells (d) were pre-treated with glucose-free media alone or with 100 nmol/l wortmannin (Wm), followed by treatment for 2 h with glucose-free media or media containing 5 mmol/l glucose, 100 nmol/l GLP-1, and/or 100 nmol/l Wm. RIA was used to measure the concentrations of insulin in the media (n=12). Basal secretion was 5.1±0.7 pmol/l over 2 h. * p<0.05 and *** p<0.001 vs the same group of cells in glucose-free media; # p<0.05 and ## p<0.01 vs the same group of cells treated with glucose but not GLP-1 play a role in GLP-1-induced proliferation of INS-1 (832/13) cells [32, 33] . Furthermore, studies on beta cell proliferative response to IGF-1 have indicated that there is a balance between these pathways in INS-1 cells, such that overexpression of PKBα can lead to down-regulation of MAPK [29] . Similar studies on the beta cell response to another growth factor, glucose-dependent insulinotropic peptide (GIP), have also indicated that these pathways are linked in INS-1 cells [37, 40] . The present findings suggest that MAPK and protein kinase C-ζ could act downstream of PKB in INS-1 cells, as PKB seems to be both necessary and sufficient to modulate the actions of GLP-1 on beta-cell growth and survival.
Overexpression of kinase-dead PKBα was used in this study to demonstrate the essential role of PKB in mediating GLP-1-stimulated proliferation and protection from apoptosis. A similar approach was used to show that PKB is important in the proliferative response of INS-1 cells to IGF-1 [29] , as well as in IGF-1-induced protection of INS-1 cells from fatty acid-induced apoptosis [30] . In contrast, p70 S6K , but not PKB, seems to be involved in the proliferative effects of glucose on these cells [29] . The signalling pathways downstream of PKB that are activated by GLP-1 treatment of the INS-1 cells have not been elucidated. However, glycogen synthase kinase-3α/β (GSK3α/β), FoxO1 and p53 have been implicated in IGF-1-induced cell growth and survival, whereas mammalian target of rapamycin is thought to play a role in glucose-stimulated proliferation [29, 30] . Furthermore, small changes in the activities of GSK3α/β and FoxO1 have been noted in INS-1 cells treated with GIP [37] .
Unlike many classic growth factors, including IGF-1, that stimulate cell growth through receptortyrosine kinase-mediated activation of PKB [29] , the GLP-1 receptor is a member of the 7-transmembranespanning, G protein-coupled receptor (GPCR) superfamily [41] . GLP-1 stimulates insulin secretion through modulation of the cAMP-PKA pathway [5, 42] , and in keeping with these findings, wortmannin treatment did not affect GLP-1-stimulated insulin secretion by the INS-1 cells. However, there is growing evidence that a number of hormones that signal through GPCRs can also activate cell growth and survival pathways, including GLP-1 (present study), GIP, the GLP-1-related intestinal hormone GLP-2 and parathyroid hormone-related protein (PTHrP). Like GLP-1, GIP enhances proliferation and prevents apop- In our study activation of PKB by GLP-1 occurred rapidly, reaching maximum values within 15 min and remaining higher for 3 to 4 h. This rapid but prolonged induction of PKB is similar to the time courses observed for GIP-and IGF-1-induced PKB phosphorylation in INS-1 cells [29, 37] . However, the time course of growth factor-induced PKB activation differs markedly from that in cells in which PKB modulates metabolic activity rather than growth. An example of one such pathway is the regulation by insulin of glucose transport in skeletal muscle cells. PKB activation in these cells occurs very rapidly (<5 min), but also returns to basal levels within a short time frame (approximately 30 min) [26] . These findings are consistent with the need for acute cellular responses to changing metabolic conditions rather than more chronic responses under conditions that lead to altered cellular growth. In keeping with PKB's role in the chronic growth effects of GLP-1 in vivo, we have observed increased levels of total [20] and phosphorylated PKB, in association with enhancement of beta cell mass, in the pancreas of db/db mice treated with exendin-4 for 10 days.
In summary, the results show the essential role of PKB in mediating the proliferative and the anti-apoptotic effects of GLP-1 in INS-1 cells. These findings provide a possible explanation of the proven ability of GLP-1 to increase proliferation and decrease apoptosis of rodent beta cells in vivo, leading to enhanced islet mass and improved beta-cell function. These findings could be of clinical significance, as GLP-1 is currently in clinical trials for the treatment of hyperglycaemia in patients with Type 2 diabetes. tosis in INS-1 cells, in association with activation of PKBα, PKBβ and MAPK [37, 40, 43] . However, unlike the responses to GLP-1, wortmannin does not prevent GIP-induced beta-cell growth or survival [40] . Similarly, GLP-1 treatment prevents chemically-induced apoptosis in association with enhanced total PKB levels in baby hamster kidney fibroblasts transfected with the GLP-1 receptor [19] . However, in the same cells transfected with the GLP-2 receptor, inhibition of apoptosis by GLP-2 appears to be PKB-independent [44] . Finally, PTHrP exerts both pro-and anti-apoptotic effects on osteoblasts, with the direction of the effect dependent on cell number [45] . However, the pro-apoptotic effects appear to be mediated through inhibition of PKB activation, whereas the anti-apoptotic actions of PTHrP are independent of PKB. Thus, modulation of cell growth and survival, even within a single model, appear to be regulated by distinct pathways that are differentially coupled to unique GPCRs and that could be influenced by various other inputs. The exact mechanism(s) by which GPCRs couple to the PI3-K-PKB pathway are unclear, but could involve specific isoforms of PI3-K [46] or cAMP-regulated guanine nucleotide exchange factor, a protein known to stimulate PKB [47] and that is activated by GLP-1 in INS-1 cells [48] .
In our study, inhibition of tyrosine kinase activity with genistein did not affect basal proliferation or the growth response to GLP-1 in INS-1 cells. These findings differ slightly from another study [40] , in which basal but not GIP-stimulated proliferation was inhibited by genistein. In marked contrast to this and our present study, it has also recently been reported that the proliferative effects of GLP-1 are mediated through transactivation of the epidermal growth factor receptor tyrosine kinase in the INS-1(832/13) subclone of INS-1 cells [33] . However, INS-1(832/13) cells overexpress the human proinsulin gene [49] , so indirect effects mediated through high levels of insulin secretion cannot be discounted in this model. Finally, genistein treatment reduced chemically-induced apoptosis in the INS-1 cells used in our study, preventing assessment of the role of tyrosine kinases in GLP-1-mediated protection from apoptosis, while genistein treatment of INS-1 cells in the other study [40] did not alter basal but did prevent the effects of GIP on apoptosis. These findings further suggest that the pathways regulating proliferation and apoptosis in the beta cell are probably both cell line-and hormone-specific. In keeping with this notion, the trophic effects of GLP-1 in vivo appear to differ between rodent models. For example, GLP-1 increased beta-cell mass when injected into C57Bl/6 and db/db mice [18, 20] , but overexpression of exendin-4 in C57BL/6×SJL mice had no effect on islet size [50] . Moreover, antagonist-mediated prevention of GLP-1 action does not affect islet mass in Balb/c mice, although islet growth and topography are abnormal in GLP-1 receptor null CD1 mice [51, 52] .
